The objective of the present study was to evaluate the role of ceramide in mediating apoptosis of dorsal root ganglion neurons induced by either nerve growth factor withdrawal or treatment with the chemotherapeutic agents suramin and cisplatin. Measurement of ceramide accumulation by mass spectrometry and the diacylglycerol kinase assay revealed elevation of intracellular ceramide only in suramin treated cultures. Ceramide-mediated neuronal cell death was inhibited by the caspase inhibitor zVAD.fmk. In these experimental models, ceramide accumulation mediated activation and nuclear translocation of the transcription factor NFB and cyclin D1 protein expression. Specific inhibition of NFB using a molecular decoy strategy resulted in increased cell viability accompanied by diminished caspase activity and cyclin D1 expression. Inhibition of NFB did not alter intracellular ceramide levels. Our study suggests that ceramide generation occurs upstream of NFB activation, cell cycle reentry, and caspase activation in the neuronal death pathway.
INTRODUCTION
Apoptosis can be triggered by a variety of physiological stimuli and environmental stresses. Recent attention has been directed towards the mechanisms by which extracellular signals initiate apoptosis. In stressinduced apoptosis (Hannun, 1994; Kolesnick & Golde, 1994; Hannun & Obeid, 1995; Jarvis et al., 1996) , the sphingomyelin pathway is activated. This utilizes membrane sphingolipid turnover to generate the second messenger ceramide. Stresses associated with rapid ceramide generation include ionizing radiation, heat shock, oxidative stress, and chemotherapy-mediated cell death (Bose et al., 1995; Chang et al., 1995; Wright et al., 1996; Zhang et al., 1996) . Convincing evidence that ceramide is critical for induction of apoptosis comes from studies of two genetic forms of acid(ic) sphingomyelinase deficiency. Lymphoblasts from patients with Niemann-Pick disease (Schuchman & Desnick, 1995) , an inherited deficiency of acid(ic) sphingomyelinase, and from transgenic acid(ic) sphingomyelinase knock-out mice (Horinouchi et al., 1995; Otterbach & Stoffel, 1995) had defects in the apoptotic response (Santana et al., 1996) . These lymphoblasts failed to respond to ionizing radiation with ceramide generation and apoptosis, whereas normal cells generated ceramide and died.
Recent evidence indicates that the interleukin 1␤-converting enzymes (ICE) family of proteases play a critical role in the execution of apoptosis (Martin & Green, 1995; Patel et al., 1996) . These enzymes are the prototypes of a growing family of aspartate-specific cysteine proteases termed caspases (Miura et al., 1993; Lazebnik et al., 1994; Alnemri et al., 1996) . By analogy to other protease cascades, it has been suggested that a hierarchy of trans-cleavage of caspases controls the orderly disassembly of cellular organelles. Recent investigations have elucidated some of the inducers and substrates of caspase activation. The integration of ceramide generation and caspase activation has not been studied in neuronal apoptosis.
While a number of stimuli are capable of generating intracellular ceramide, limited information is available describing the substrates and signal cascade involved in ceramide-mediated cell death. An emerging component of this signal cascade is the DNA binding protein nuclear factor kappa B (NFB), now composed
